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GENERAL INTRODUCTION AND LITERATURE REVIEW 
Overview of apomixis 
Apomixis is the natural ability of certain species of plants to reproduce 
asexually through seed. More than 400 species of plants belonging to 40 families have been 
reported to reproduce via seed asexually (Nogler, 1984). The ability of plants to produce 
somatic clones through inflorescence structures (vivipary) was formerly classified as 
apomixis, but recent definitions exclude this process, as will this research. In seed 
development, sexual embryos arise from the union of female and male gametes. In contrast 
to this, apomictic species posses the ability to produce embryos autonomously. The potential 
for the integration of apomixis in sexual agricultural crops is a significant driving force 
behind a recent increase in research and understanding of apomixes. Apomixis has the 
potential to lock any genotype, including hybrids and complex genotypes. 
To understand the genetic components of apomixis, it is important to understand the 
physiology of apomixis. Apomixis is thought to have developed in many species from sexual 
ancestors, suggesting that apomixis and sexual reproduction are closely related (Grossniklaus 
et al. 2001a). It can also be said that apomixis and sexual reproduction are not mutually 
exclusive, due to the occurrence of both in facultative apomictic species such as Poa 
pratensis. Although the mechanisms behind apomixis seem to be complex, they seem to 
share a common aspect of ancestral sexual processes being deregulated in time and space. 
(Grossniklaus 2001b). Two distinct types of apomixis occur in plants. Sporophytic apomixis 
involves embryo development directly from an unreduced sporophytic cell and gametophytic 
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apomixis involves the formation of an unreduced embryo sac. The majority of research has 
been conducted on gametophytic apomixis due to its wide spread presence in many plant 
species. 
In contrast to apomixis, sexual reproduction involves the fusion of reduced gametes 
(Figure 1). Female gametogenesis and double fertilization occur within the ovule. Typically 
a single cell, the megaspore mother cell, within the ovule is committed to the sexual pathway, 
undergoes meiosis, and forms a tetrad of reduced spores. Only one of the tetrad will develop 
into the embryo sac, containing the female gametes. Double fertilization involves the fusion 
of an egg cell with one sperm cell to from an embryo. The central cells fuse with another 
sperm cell to form the endosperm of the seed. 
In gametophytic apomixis, several of these developmental steps are altered or 
bypassed (Figure 1). Instead of a meiotic division present in sexual reproduction, a 
phenomenon known as apomeiosis occurs in which chromosome segregation is circumvented 
so that unreduced cells initiate embryo sac development. These unreduced cells can come 
from aberrant meiotic events or the complete lack or meiosis within the megaspore mother 
cell. This process is called diplospory. Also, the unreduced embryo sac may form directly 
from a cell in the ovule other than the megaspore mother cell. The sexual products within the 
embryo sac then degenerate and the new apomictic embryo begins development in place of a 
sexual embryo. This process is called apospory. From one of these two origins, the 
unreduced egg cell begins embryogenesis without fertilization, called parthenogenesis. The 
central cell, which forms the endosperm, either develops autonomously, or requires 
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fertilization to initiate development, called pseudogamy. The majority of apomictics employ 
pseudogamy, which seems to develop more normal endosperm important to seed viability. 
Figure 1. Diagram comparing sexual reproduction with gametophytic apomixis. Reduced 
stages of the life cycle are shown in shaded ovals, and unreduced stages are shown in 
rectangular boxes. The key developmental events that are affected or altered in apomictic 
species are highlighted in hexagons. 
Sexual Reproduction (;ametophylic Apomixis 
From Grossniklaus et al. 2001 a 
Apomixis in Kentucky bluegrass 
Kentucky bluegrass (Poa pratensis L.) is a facultative apomictic species, meaning it 
can either produce seed by apomixis or sexual fertilization within the same population. 
Kentucky bluegrass is also an important turf and forage species found around the world in 
temperate regions. Cultivars of Kentucky bluegrass that are highly apomictic are generally 
very desirable due to the fact that apomictic seeds are essentially clones of the parent 
genotype. This reduces the amount of plant-to-plant variation that would normally be 
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observed in a cross-pollinated polyploid species like Kentucky bluegrass. However, this 
reduction in variation within a population creates problems for breeding. An avenue for 
genetic recombination must be present for breeders to utilize for improvement. Apomictic 
plants still contain viable pollen, but cannot be crossed to other apomictic plants since the 
progeny would be apomictic clones of the female parent. Therefore, the identification of 
sexual plants within a population is important for breeding. 
Kentucky bluegrass demonstrates gametophytic apomixis, in which an unreduced 
embryo sac is formed. The embryo then develops by apospory, or from a cell in the embryo 
sac other than the megaspore mother cell. The identified pathways for endosperm 
development in Kentucky bluegrass all involve pseudogamy. This is an important 
characteristic due to the fact that embryo development can be tracked based upon endosperm 
development. This is the principal on which mature seed analysis for reproductive pathway 
is based. This will be discussed further in the mature seed analysis section. 
Previous methods to detect apomixis 
Several methods to detect apomictic plants and embryos have been developed for 
facultative apomictic species. The simplest of these tests is a progeny test. Two assumptions 
must be made to make a progeny test work. First of all, aberrant plants within a population 
are assumed to be sexual. Since apomixis dominates in Kentucky bluegrass, sexual plants 
would be at a lower frequency within the population. Detecting aberrant plants is very 
subjective and quite inaccurate. Sexual plants may not deviate much from apomictic plants 
in phenotype, resulting in an incorrect classification of sexual plants and an inaccurate 
measure of frequency of apomixis. Secondly, there are more than two sexual pathways 
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involved in apomixis of Kentucky bluegrass. The two major reproductive pathways would be 
sexual embryos arising from reduced embryo sacs being pollinated with reduced pollen, and a 
parthengenic embryo from an unreduced embryo sac. But sexual embryos formed from 
unreduced embryo sacs being pollinated by reduced pollen, and parthenogenic embryos 
formed from reduced embryo sacs do occur. Plants from the reduced parthenogenic pathway 
may also be incorrectly classified as sexual. Unreduced sexual plants may give yet a third 
phenotype within the population. The existence of these pathways is generally disregarded in 
progeny testing. All of these possible phenotypes make progeny testing difficult. Progeny 
testing is also time and resource consuming. Progeny usually must be grown to maturity 
before screening. Large numbers of progeny must also be grown to obtain an accurate 
measurement of the frequency of sexual plants. 
The second method for detection is the 'clearing technique' described by Herr 
( 1971) and Young et al. ( 1979). This technique involves collection of inflorescence at 
particular times of anthesis, and subjecting them to a clearing liquid to make them 
transparent. The ovules are then dissected out and examined. Aposporous embryo sacs lack 
antipodals, whereas meiotic embryo sacs contain easily recognizable antipodals after 
clearing. This technique is very laborious and time consuming, which can restrict its use in 
large-scale population screening. Also, this method can only discern aposporous embryo sacs 
from meiotic embryo sacs. It is still impossible to determine whether or not the embryo sacs 
were reduced or unreduced, the other criteria for identifying the particular pathway the seed 
was developed from. 
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The third technique described to identify apomixis is the 'auxin test' described by 
Matzk (1991, ab ). In this method, plants or inflorescences are treated with a synthetic auxin. 
Both the embryo and endosperm will abort in auxin-induced caryopses of sexual plants. In 
parthenogenic plants, the embryo will develop, but the endosperm will abort. This has been 
an accurate way to determine parthenogenic plants from sexual plants, but does not give any 
particular information as to reproductive pathway. It is also very laborious, time consuming, 
and requires plant materials at a specific growth stage. 
Mature seed analysis to determine reproductive pathway 
Matzk et al. (2000) demonstrated a rapid method to determine the reproductive 
pathways involved in several species. In Kentucky bluegrass, not only can parthenogenesis 
be determined from sexual embryo formation, but also the exact pathway of embryo 
development could be determined. Embryos arising from reduced embryo sacs could be 
identified from unreduced embryo sacs, and parthenogenic embryos could be identified from 
sexual ones. The premise that this test is based upon is illustrated in figure 1 in the 
'Determination of reproductive mode and genome size of a USDA core collection of 
Kentucky bluegrass (Poa pratensis L.) by cell flow cytometry' section of this thesis. 
Essentially, 4 pathways of embryo development exist. By analyzing the DNA content of 
embryos and endosperms with a flow cytometer within a population, the reproductive 
pathway can be reconstructed based upon the known pathways. This is a much quicker 
method of determining reproductive mode, and can be implemented upon a larger scale to 
efficiently assist a breeding program or any other research which requires understanding of 
the reproductive mode. 
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Somatic tissue analysis 
Another useful piece of information that can be gained with flow cytometric 
analysis is somatic DNA content. Somatic DNA content can be useful to infer or estimate 
several aspects of a species. DNA content can be correlated to chromosome number as 
demonstrated by Tuna et al. (2001) and Amsellem (2001). In their research, chromosome 
numbers of unknown plants were determined based upon somatic DNA content which was 
correlated to chromosome numbers of known individuals. This technique would be very 
useful in Kentucky bluegrass since the ploidy level can vary greatly, and chromosomes are 
hard to count by microscope at high numbers. Somatic DNA content can also indicate 
genome size and can give an indication of genetic diversity between individuals of 
populations. 
USDA core collection 
Obtaining diverse germplasm to incorporate into breeding programs is a high 
priority for breeders regardless of species. The demand for improved cultivars of Kentucky 
bluegrass has increased in recent years. The need for drought, disease, and insect resistance 
is everincreasing as the pressure for lower inputs is imposed upon turf and forage managers. 
The genetic resources to improve Kentucky bluegrass may already exist within the USDA 
germplasm collection system for breeders to utilize. The USDA collects germplasm from all 
over the world and maintains it for free dissemination to researchers. This collection is an 
important source for grass breeders to draw from in the future. However, this collection is 
large and little is known about individual accessions. Johnson et al. (2002) conducted 
molecular marker analysis upon this collection to determine the genetic diversity contained 
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therein. From their analysis, 38 accessions were selected based upon molecular marker 
diversity as well as morphological diversity. This collection is called a 'mini' core collection. 
The idea behind creating a mini core collection is an effort to deliver the greatest amount of 
genetic diversity within a manageable number of accessions. More information needs to be 
obtained upon these accessions beyond morphological and genetic diversity to make them 
useful to breeders. Reproductive pathway analysis and somatic tissue DNA quantification 
would make this collection more valuable for reasons stated previously. 
Objectives 
The objectives of this research are to screen the 38 accessions of the USDA mini 
core collection of Kentucky bluegrass for both reproductive pathways using mature seed 
analysis and DNA content analysis using somatic tissue to determine genome size and 
estimate genetic diversity using flow cytometry. Also, bulk sample analysis will be 
performed to determine if flow cytometry can identify aberrant plants within a bulk sample of 
somatic tissue. 
Thesis Organization 
This thesis is organized into three chapters. Chapter one contains general 
introduction and literature review relevant to this thesis. The second chapter is a manuscript 
of research that is to be submitted to Crop Science. The third chapter is a review of the 
research contained within the manuscript as well as suggestions for future research on this 
topic. 
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DETERMINATION OF REPRODUCTIVE MODE AND GENOME SIZE OF A USDA 
CORE COLLECTION OF KENTUCKY BLUEGRASS (POA PRATENSIS L.) BY 
CELL FLOW CYTOMETRY 
A paper to be submitted for publication to Crop Science 
Robert R. Wieners, Shui-zhang Fei, and Richard C. Johnson 
Abstract 
Kentucky bluegrass (Poa pratensis L. ) is an economically important facultative apomictic 
turf and forage grass species. Apomixis provides the ability to clone plants through mature 
seed, which results in the uniform phenotype desired in turfgrass applications. Detecting 
plants produced by apomitic processes using traditional techniques including 
microdissections of ovaries, and progeny tests for maternal/aberrant plants for facultative 
apomictic species are too laborious for routine analysis of large numbers of individual plants. 
In this study, 38 accessions of a USDA core collection of Kentucky bluegrass were screened 
for reproductive pathways using flow cytometric analysis of mature seeds. The majority of 
accessions exhibited a combination of reduced, zygotic and unreduced, parthenogenetic 
embryo production, but the presence of other pathways is noted. Somatic tissue analysis was 
conducted to assess the genetic diversity present within the collection, as well as confirm 
reproductive pathway results. Both the mature seed and somatic tissue analysis show a large 
range of genetic and reproductive diversity within this core collection. Also examined in this 
research was the ability of flow cytometry to discern differences in DNA content of a bulked 
12 
sample containing somatic tissues of a large number of plants. The ability to screen large 
numbers of plants together allows a quicker method to assess diversity within an accession or 
population. 
Introduction 
Kentucky bluegrass (Poa pratensis) is an important grass species utilized extensively for 
forage, and as turfgrass in sports fields, lawns, parks, and golf courses (Bradshaw and Funk, 
1987). It is also utilized in stabilization of eroded soils and improving soil structure and 
fertility. Kentucky bluegrass is thought to have originated in Eurasia and is found 
throughout the world in humid temperate climates (Carrier and Bort, 1916; Soreng, 1990). 
Kentucky bluegrass is a facultative apomictic species, but apomictic reproduction dominates 
(Akerberg, 1939). Therefore, progeny are often genetically identical to the seed parent. In 
some populations, sexual reproduction occurs with higher frequency, resulting in a source of 
new genetic combination (Clausen, 1961; Huff & Bara, 1993). These characteristics are 
integral in development of improved cultivars. Identification of accessions with both 
characteristics is vital to producing a valuable commercial cultivar. The ability to identify 
apomictic versus sexual seed formation is also vital to studies of evolution, inheritance, and 
engineering of apomixes (Czapik, 1994; Falque et al., 1998; Mazzucato et al., 1996; Pessino 
et al., 1999). 
Previous methods of reproductive pathway determination in facultative apomictic 
species were very time consuming and laborious. These included microdissections of 
progeny ovaries or progeny tests for maternal/aberrant plants (Matzk et al., 2000). The 
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'auxin test' allowed for discrimination of individual plants regarding their capability for 
parthenogenetic versus fertilization dependent embryo formation (Matzk, 1991 a,b ). The so-
called 'clearing technique' is also suitable for detecting apospory, which is the process by 
which Kentucky Bluegrass generates apomictic embryo sacs (Herr, 1971; Young et al., 1979). 
These techniques have been proven to work, but limit the amount of genetic material that can 
be screened due to the amount of labor required, and require plant material at a specific 
growth stage. Albertini et al. (200 1) described a method of detecting parthenogenesis by 
using molecular markers. Parthenogenesis is defined as embryo development without any 
contribution of a male gametophyte (Pullaiah and Febulaus, 2000). In their research, AFLP 
markers related to parthenogenic and sexual embryo development were converted to SCAR 
(sequence characterized amplified region) primers and used to screen for parthenogenesis. 
However, these markers were developed upon plants that exhibited Bn origin. Plants within 
this Bn population contain plants developed from embryos from fertilization of reduced 
embryo sacs and embryos from parthenogenic embryo development from unreduced gametes. 
This means that plants arising from autonomous embryos from reduced embryo sacs and 
sexual embryos from unreduced embryo sacs were excluded in the development of these 
markers. It is therefore unknown if these 2 reproductive pathways can be detected and or 
discerned by these particular markers. 
A more efficient screen for apomictic versus sexual reproductive pathways was 
demonstrated by Matzk et al. (2000). The premise for this flow cytometry-based test is the 
fact that DNA contents of embryo and endosperm cells vary depending on the reproductive 
pathway from which each arose. Reproductive pathways can be determined by the 
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interrelationship between DNA contents of endosperm and embryo cells. Nuclear ploidy 
level depends on whether or not the embryo sac is unreduced or reduced and whether or not 
the egg and/or central cells are fertilized by reduced or unreduced male gametes. The 
pathways identified in Kentucky bluegrass by Matzk et al. (2000) are depicted in figure 1. 
Flow cytometry is also a useful tool for estimation of genome size in many plant 
species. Somatic DNA has been measured by flow cytometry in many species, including 13 
turfgrass species (Arumuganathan et al. 1999). From the diploid somatic DNA content, the 
genome sizes of the accessions can be estimated and compared. 
The genetic material used in this research is a portion of the USDA germplasm 
collection of Kentucky bluegrass, containing accessions from all over the world. This 
collection of germplasm is an important source of diverse genetic material for breeders and 
researchers. Characterization of this collection is therefore important to be able to efficiently 
utilize the diversity contained therein. The current USDA collection of Kentucky bluegrass 
contains a very large number of accessions, and a limited amount of genetic information is 
available about each. Therefore, the creation of mini core collections containing the highest 
degree of genetic diversity possible in a manageable number of accessions could be very 
useful. ~esearch could then be focused upon these smaller collections to make them useful 
in breeding and cultivar development. Johnson et al. performed molecular marker analysis 
and morphological analysis of the current collection of Kentucky bluegrass collection 
available from the USDA (2002). Their analysis of 228 accessions showed a large cluster of 
accessions into one dice similarity group with 46 other smaller clusters. From this 
information, a mini core collection was assembled that encompassed the maximum amount 
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of genetic diversity. The conclusion reached by Johnson et al. was that unique genotypes 
were underrepresented within the collection based upon RAPD marker data, and 
morphological data. However, Kentucky bluegrass has a high degree of variation in 
chromosome number (2n = 28 to ±124) (Akerberg 1942, Huff and Bara 1993.) Large 
differences in DNA content could suggest large differences in chromosome numbers. This 
diversity may not be accounted for in molecular marker analysis, but may have a significant 
role in the ultimate phenotype and breeding potential. 
The ability to screen populations of plants instead of individual plants would help to 
reduce time and cost involved in flow cytometric analysis of somatic tissue. The use of 
somatic DNA content data from bulked samples can serve to reduce the amount of progeny 
testing required to determine the presence and or amount of aberrant plants within a 
population. However, being able to positively identify an aberrant plant within a population 
can be difficult due to peaks containing nuclei from endopolyploidization or other debris 
within a sample. Determining a feasible number of plants to analyze within a bulk sample 
would be important to make this technique a useful tool in population screening for aberrant 
plants. 
The objectives of this research are: 1. to determine the reproductive pathways 
associated with the mini core collection of Kentucky bluegrass germplasm available from the 
USDA, 2. to determine somatic DNA contents of each accessions within the collection in an 
effort to estimate genome size, ploidy level, and serve to clarify the degree of diver~ity 
present, 3. to use flow cytometry to analyze somatic tissues of a mixed population with 
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varied genome size to determine whether or not flow cytometry is able to identify aberrant 
plants. 
Materials and Methods 
Mature seed analysis 
Mature seeds of 38 accessions of the Kentucky bluegrass USDA core collection were 
obtained from the USDA plant introduction station in Pullman, Washington. Fifty seeds of 
each accession were selected for flow cytometric analysis. These 50 seeds were kept 
refrigerated (8°C) until the day of processing. The seeds from each accession were chosen 
randomly and were manually chopped with a razor blade into small particles ( < 0.1 mm) to 
release nuclei. Seeds were chopped in approximately 20ml of chopping buffer (per liter: 9.18 
mg MgClz, 8.94g sodium citrate, 4.18g morpholinepropanesulfonic acid, lmL Triton X-1 00, 
pH adjusted to 7 .0). The liquid was removed, filtered through 50 and 20~Jm nylon mesh 
screens successively, and centrifuged at 100g for 8 minutes at 8°C. Some samples contained 
large amounts of debris that interfered with the flow cytometer, and those samples were 
centrifuged at 600g for 1 minute at 8°C in an effort toreduce the debris. The supernatant was 
removed and the pellet was resuspended in 50~L propidium iodide stock at 200ml L- 1 stock 
diluted in the chopping buffer. The samples were then analyzed using a Coulter Epics 
acquisition flow cytometer (Coultier Corp., Miami, FL) at a wavelength of 488nm. Samples 
were run until 5000 nuclei had been analyzed in the largest peak in the histogram (generally 
the 2C peak). All samples were analyzed using the lOOg centrifuge step. Twenty one of the 
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38 accessions were then reanalyzed using the 600g centrifuge step to confirm results and 
examine reproducibility. 
Somatic tissue analysis 
Individual plants of the same accessions from the mature seed analysis were planted in 4-inch 
square pots. The resulting 10 individual plants of each accession were grown in a greenhouse 
and watered and fertilized with 15-30-15 fertilizer (Miracle-Gro® The Scotts Co. Marysville, 
OH) as needed. Five plants were randomly selected for somatic tissue analysis. Two 
hundred mg of fresh, youngest fully expanded fresh leaf tissue was harvested and chopped in 
the same chopping buffer as used for mature seeds, filtered through 50 and 201-1m nylon mesh 
screens successively, and centrifuged at lOOg for 8 minutes at SOC. To quantify DNA content 
information, chicken erythrocyte nuclei (CEN) at 2.33pg DNA/2C was added to the final 
sample as an internal standard and reference. Two drops of CEN at 2.0 X 107 cells per 
microliter were diluted in 1 OOJ..tL of chopping buffer, and 5J.LL of this solution was used per 
sample. Nuclear DNA content was obtained by using the following equation: nuclear DNA 
content = mean position of sample peak I mean position of the peak of the standard. 
Bulk sample analysis 
For bulk sample analysis, 30 additional plants each of accessions PI 234484 and PI 230120 
were grown in the same manner as previously described. Each plant was analyzed with the 
same procedure as the somatic tissue previously described, and the 2C DNA content was 
determined for each plant. Bulked samples containing equal amounts of leaf tissue from 10, 
15, 20, and 30 plants, respectively, were collected. For each of these bulk samples, one plant 
in each sample had a different DNA content than the others. For example, 9 plants of one 
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DNA content and 1 plant of a different content were combined for a 1 0-plant sample. Each 
sample was analyzed twice to evaluate reproducibility. 
Results 
Reproductive pathways revealed through mature seed analysis 
Four definite pathways were detected through mature seed analysis using flow 
cytometry within the 38 accessions analyzed (Figure 1). Each accession and its corresponding 
reconstructed pathways are presented in table 1. Accessions 349165, 349226, and 355956 
exhibited 1 C and 2C embryo and 3C endosperm peaks (Figure 2). The pathways present in 
these accessions were a combination of sexual embryos from reduced embryo sacs and 
parthenogenic embryos from reduced embryo sacs. As mentioned in the materials and 
methods section, a refined centrifugation step was implemented in several accessions. This 
refined protocol was particularly useful in detecting 1C peaks in these accessions. The 
clearer resolution of the histogram, along with examination of a forward scatter by cell 
acquisition graph (Figure 3) allowed the clear identification of 1 C peaks. Accessions 16171, 
298096, and 423140 exhibited sexual embryo formation from reduced embryo sacs (Figure 
4). These accessions are highly or solely comprised of sexual plants. Accession 369718 
exhibited 1 C and 2C embryo peaks with 3C and 5C endosperm peaks. This accession 
(cultivar 'Baron') exhibited parthenogenic embryo development from both reduced and 
unreduced embryo sacs, as well as sexual embryo development from reduced embryo sacs. 
Accessions 286210,349179,371762, and 372740 exhibited 2C and 3C embryo peaks with 
3C and 5C endosperm peaks (Figure 5). The remaining twenty seven accessions exhibited 
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2C embryo with 3C and 5C endosperm peaks (Figure 6). In figure 6, a larger amount of 
nuclei originating from 5C endosperm is present, indicating the presence of more apomictic 
2C embryos than sexual 2C embryos. In each of the aforementioned 27 accessions that do 
not possess a 3C embryo, a general conclusion as to whether there are more apomictic or 
sexual 2C embryos can be determined. 
In the 31 accessions containing 2C, 3C, and 5C peaks, as well as accession 369718, 
the presence of a 3C peak could indicate the presence of two different pathways. It is 
possible that the 3C peak comes from sexual embryo formation from an unreduced embryo 
sac, or the 3C peak comes from the endosperm formation of a sexual embryo sac from a 
reduced embryo sac. Distinguishing between the two pathways can be somewhat subjective. 
There are more embryo cells than endosperm cells within the seed (Matzk et al., 2000), 
however, depending on the frequency of each pathway within the sample it may be difficult 
to distinguish. Mature seed analysis was only able identify 4 accessions with unreduced 
sexual embryos. Somatic DNA content revealed more accessions that mature seed analysis 
missed. 
Somatic DNA content 
Somatic tissue data showed that the 2C DNA content of this core collection ranged 
from 2.74 pg to 15.70 pg (Table 1). DNA content distribution shows a normal distribution 
over the range of DNA contents observed (Figure 7). This would suggest that this mini core 
collection is not skewed towards a particular size genome. Accession 16171 displayed a 
mean 2C content of 2.74 pg, however morphological analysis of this accession, and its DNA 
content suggests that it is in fact Poa trivialis. In 18 accessions, multiple 2C DNA contents 
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were present. In the accessions with embryos containing different C levels from mature seed 
analysis this is expected, as C level corresponds to somatic DNA content. In accessions with 
embryos of a single C level from mature seed analysis, the variation is probably due to 
pollination contamination, or within accession variation. These accessions are mostly wild 
collections that are constantly cross-pollinating and segregating, resulting in different somatic 
DNA content levels. In 17 accessions, only one somatic DNA level was observed while 
multiple pathways were observed through mature seed analysis. This is either due to the fact 
that embryos formed within these accessions had the same C level in mature seed analysis 
resulting in identical somatic DNA content levels, or due to the small number of plants (5) 
sampled in each accession for somatic tissue analysis. In accessions 230120, 251276, and 
505896, the equivalent of 3C embryos were detected, as plants were detected with exactly 3/2 
the DNA content of the majority of the plants sampled. There was no indication of 3C 
embryos within the mature seed analysis for these accessions. This indicates that mature seed 
analysis is not always able to identify this pathway, and somatic tissue data should be used to 
reliably identify this pathway. In accession 298096, two 2C somatic tissue DNA levels were 
detected, but only one pathway. This is likely due to a sampling error because evidence of 
the both pathways is present in the set of 5 plants, and not within 50 seeds. 
Bulk sample analysis 
Results from bulk sample analysis showed that the aberrant peak in the 1 0-plant 
sample in both accessions and both replications analyzed was easily identifiable on a log 
scaled histogram (Figures 8a and 8b ). The peaks were also identifiable in the 15- plant 
sample with acceptable resolution of peaks. For 20- and 30-plant samples, results were 
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difficult to interpret. The resolution of the peaks decreased at these sample sizes, and results 
were regarded as inconclusive. The presence of peaks containing nuclei resulting from 
endopolyploidization was also detected in all samples. Nuclei that have undergone 
endopolyploidization contain multiple sets of the basic somatic peak values. In this case, a 
4C peak (double the 2C peak) has been detected in all samples. These peaks complicate 
analysis, because they contain as many or more nuclei than the aberrant peak of interest in all 
samples. As an example, figures 9a and 9b show the histograms for the 20 plant samples in 
both accessions. In both cases, peak 2 (aberrant peak of interest) is identifiable, but smaller 
in number of nuclei than peak 3 (containing endopolyploidization events). However, if peak 
3 is recognized as an endopolyploidization event of peak 1, it can be eliminated as a possible 
aberrant peak. In the 30-plant samples, the aberrant plant peak was not easily identifiable. 
Therefore, the most reliable population size that an aberrant plant can be identified as 
significant is within a 1 0-plant sample. 
Discussion 
Reproductive pathway reconstruction was reliable and reproducible in this study. As 
expected in a facultative apomictic species, the majority of accessions exhibited a mix of 
sexual and apomictic 2C embryos. Interestingly, however, is the relatively high frequency of 
l C and 3C embryos. As mentioned within the results section, determining the origin of a 3C 
peak within an accessions can prove difficult in mature seed analysis. A small 3C peak 
would indicate the pathway present to be a reduced sexual endosperm, and a large 3C peak to 
be an unreduced sexual embryo. The frequency of intact endosperm cells from the aleurone 
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layer of a mature seed is much lower than that of the embryo (Matzk, 2000). Also of note is 
the fact that endosperm peaks have a wider base while embryo peaks have a much narrower 
base. This is also useful in discerning embryo from endosperm peaks. However, somatic 
tissue analysis was still required to positively identify unreduced sexual embryos by 
identifying plants with 3/2 the DNA content of the majority of the population. Identification 
of 1C peaks can be somewhat challenging due to high amounts of debris in the sample. To 
remedy this, and make the 1 C peaks distinguishable, a faster and shorter centrifuge step in 
sample preparations removed excess starch and other cellular debris, making 1 C peaks easier 
to distinguish. Also, looking at a plot of forward scatter against nuclei acquisition helped 
determine the presence of a 1 C peak. The 1 C peak in figure 2 was difficult to identify until 
forward scatter was taken into account. A plot of forward scatter by nuclei acquisition for 
accession 249226 is presented in figure 3. The vertical band for the 1 C peak is easily 
identified and reinforces the histogram data that there is a 1 C peak present. 
Matzk et al. (2000) suggested that individual seeds may be analyzed to determine 
reproductive pathways. Single seed analysis was attempted in this research, but was found to 
be very time consuming and costly. One of the goals of analyzing reproductive pathways 
using mature seed is for the process to be rapid and cost effective. To achieve an adequate 
number of nuclei in the largest peak of the histogram (5000 nuclei in the 2C peak in this 
study), the time required to analyze each sample would have been prohibitive. 
The ability to quantify the frequency of each pathway within the mature seed samples 
would be a very useful piece of information to help characterize the accession. A general 
conclusion can be drawn as to if each accession is more sexual than apomictic, or vice versa 
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by relative size of the endosperm peaks. An example of this is presented in figure 6. The 
accession 349179 exhibited more apomictic seeds than sexual. However, accurate 
quantification of the number of seeds of each pathway present in a 50 seed sample is difficult. 
Evenness of seed chopping and seed size could influence results. More replications would 
have to be conducted and a larger quantity of progeny grown with their somatic DNA content 
calculated to determine if this could be a reliable means of quantifying reproductive pathway 
frequency within accessions. 
Somatic tissue analysis of DNA content shows a relative high degree of diversity 
within the mini core collection. The conclusion by Johnson et al. (2002) that genetically 
diverse accessions were underrepresented within the USDA collection based on RAPD 
molecular marker analysis may not be the case. In the mini core collection, a rather diverse 
set of accessions is present. Each accession may contain similar RAPD markers, but the 
ploidy levels vary quite greatly between accessions. The number of times a gene or allele is 
found within a genome may correspond to a gene dosage effect, and may affect the phenotype 
of the plant. Interestingly, some of the diversity that Johnson et al. did detect within this 
collection based upon molecular marker analysis and agronomic characteristics were also 
detected by somatic DNA content analysis. Accession 505896 was identified as being quite 
unique from molecular analysis, yet less unique based on agronomic data. The DNA content 
of 6.60 pg for accession 505896 was rather unique for the wild material as illustrated in table 
1. However, several cultivars had similar DNA contents, including 'Belturf' and 'Kenblue'. 
Improved cultivars in general had a lower DNA contents than the wild material in this 
collection with a few exceptions (Baron and 'Midnight'). 
24 
Somatic tissue data analysis can also give an indication of ploidy level. Polyploid 
Kentucky bluegrass has a wide range of ploidy levels (2n = 28 to ± 124) (Akerberg, 1942; 
Huff and Bara, 1993). Chromosome counting can be very difficult due to the small size of 
chromosomes at high ploidy levels. Therefore, somatic data can be used to estimate ploidy 
levels. Huff and Barra (1993) used flow cytometry to track genetic origins of polyhaploids, 
haplo-diplo twins, and Brn -self progenies. The reported chromosome number and DNA 
content of plants within the Baron population in their research was as follows: 38-44 = 
5 .2pg, 82-90 = 11 pg, -125 = 16pg. Using these criteria, an estimate of ploidy level can be 
applied to other populations of Kentucky bluegrass. Tuna et al. (2001) and Amsellem (2001) 
used a similar procedure to estimate the ploidy level of unknown plants within Bromus and 
Rubus genus respectively. Using the data from previous research on the cultivar Baron, a 
generalization that approximately 7.7 chromosomes per picogram of somatic DNA exists. 
Interestingly, DNA content levels of Baron from Huff and Bara (1993) do not correlate to the 
results of this study. This may be due to different seed lots examined, population 
segregation, or other differences in origin. The data in this research is supported by the 
findings by Steven et al. (In preparation 2003). In their research, they obtained somatic DNA 
contents of 9.55pg and 13.58pg for Baron using independently acquired plant materials. 
Bulk sample analysis showed that analysis of a 10-plant sample proved to be the best 
population size to find a single aberrant plant in the bulk sample, with a 15-plant sample also 
providing adequate results. The other two population sizes sampled (20 and 30 plants) 
presented poorer results as population size increased. 20- and 30- plant samples were too 
large to generate conclusive results. In all samples, logarithmic scaling was used in the 
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histogram to identify the small peaks, as the frequency of nuclei in these peaks was low. The 
presence of peaks containing nuclei that have undergone endopolyploidization makes 
analysis of the histograms more complicated. If, when looking at a histogram containing 
plants of unknown origin the presence of endopolyploidization peak was anticipated, it could 
be excluded from the interpretation of the results, and the aberrant peak could then be easily 
identified. For example, in figure 8a, peak 3 ( endopolyploidization peak) contains exactly 
double the DNA content of peak 1 (somatic peak of majority of plants). Therefore, peak 3 
can be ignored, and peak 2 (aberrant peak of interest) is easily identified as the aberrant peak. 
In Kentucky bluegrass, only 1 polyploidization peak was observed because the DNA content 
of polyploidization peaks of higher duplications than double the somatic DNA content were 
out of the measured range by the flow cytometer. Some degree of polyploidization was 
observed in all of the somatic tissue samples from all accessions, so peaks containing 
polyploid nuclei should be anticipated in all accessions and most likely Kentucky bluegrass 
in general. Any other effects of differences between accessions were not observed, so this 
technique could be applied to other populations of Kentucky bluegrass. 
This research demonstrates that flow cytometry is a useful tool in obtaining a large 
amount of useful information about Kentucky bluegrass in a relatively short period of time, 
and at minimal expense. Reproductive pathway data can be used by breeders to evaluate the 
apomictic nature of genetic material that COl;lld be utilized in a breeding program. Somatic 
DNA content gives an estimation of genome size and ploidy level. Bulk sample analysis 
offers the potential to further reduce the amount of effort to screen larger populations of 
plants. These 3 methods could be used in conjunction with each other to form a screening 
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program for determining if plants arose parthenogenically from reduced embryo sacs ( 1 C 
embryo peak), or through sexual fusion of unreduced embryo sacs with normal reduced male 
gametes (3C embryo peak). If an internal standard was added to the mature seed analysis, the 
actual DNA content of the embryos could be determined along with the reproductive mode. 
Therefore, the reproductive mode of plants from these 2 pathways could be determined using 
flow cytometry. However, it is not possible to discern between plants that arose from 
parthenogenic embryos formed from unreduced embryo sacs or sexual embryos formed from 
reduced embryo sacs with flow cytometry, because they will both contain the same amount of 
DNA (2C embryo peaks). Some other methods of genetic analysis could be employed to 
identify these 2 pathways. For example, the method of detecting parthenogenesis by using 
molecular markers demonstrated by Albertini et al. (2001) previously mentioned could be 
used. By first screening populations using flow cytometry to identify plants arising from 2C 
embryos, and then using molecular markers to discern between the plants that arose from 
parthenogenic embryos formed from unreduced embryo sacs or sexual embryos formed from 
reduced embryo sacs, a complete picture of the reproductive model of Kentucky bluegrass 
can be observed. The bulk sample analysis can be used to screen larger numbers of plants in 
an effort to identify plants arising from the pathways identified by the mature seed analysis. 
All of this information put together is useful in many applications in genetic improvement, 
inheritance, and reproductive behavior analysis of this important but complicated grass 
species. 
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Table 1. DNA content and reproductive mode of the accessions of the core collection 
revealed through mature seed and somatic tissue analysis respectively. 
Accession Cultivar Mean DNA 
C values of 
Reproductive 
Origin embryo and number name content t (pg) 
endosperm t pathway(s) § 
16171 Yellow Switzerland 2.74 2c (3c) 
206725 wild Turkey 6.02 2c (3c) (5c) 1,2 
226667 wild Iran 7.25 2c (3c) (5c) 1,2 
230120 wild Iran 10.97 (16.56) 2c 3c (3c) (5c) 1,2,4 
234484 wild Spain 7.30 (11.82) 2c (3c) (5c) 1,2 
236918 wild Canada 11.40 (9.20) 2c (3c) (5c) 1,2 
251276 wild Iran 7.37 (10.97) 2c 3c (3c) (5c) 1,2,4 
286210 wild Czech Republic 6.92 (10.26) 2c 3c (3c) (5c) 1,2,4 
298096 Keszthelyi Hungary 4.85 (6.29) 2c (3c) 
302953 H-3 Spain 7.30 (9.76) 2c (3c) (5c) 1,2 
303058 Atlas Sweden 10.79 (5.34) 2c (3c) (5c) 1,2,3 
346021 wild Norway 9.33 2c (3c) (5c) 1,2 
349165 wild USA (Alaska) 10.73 1c 2c (3c) 1,3 
349179 wild USA (Alaska) 9.18 (11.59) 2c 3c (3c) (5c) 1,2,4 
349207 wild USA (Alaska) 8.07 (12.49) 2c (3c) (5c) 1,2 
349208 wild USA (Alaska) 10.18 2c (3c) (5c) 1,2 
349210 wild USA (Alaska) 9.41 2c (3c) (5c) 1,2 
349217 wild USA (Alaska) 8.89 (14.57) 2c (3c) (5c) 1,2 
349220 wild USA (Alaska) 7.22 2c (3c) (5c) 1,2 
349226 wild USA (Alaska) 8.39 1c 2c (3c) 1,3 
349228 wild USA (Alaska) 8.32 2c (3c) (5c) 1,2 
349230 wild USA (Alaska) 8.42 (15.16) 2c (3c) (5c) 1,2 
355956 wild India 9.28 (14.54) 1c 2c (3c) 1,3 
368241 wild USA (Alaska) 7.37 2c (3c) (5c) 1,2 
369718 Baron Netherlands 9.32 (13.07) 1c 2c (3c) (5c) 1,2,3 
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Table 1 (cont.) 
Accession Cultivar Mean DNA 
C values of 
Reproductive 
Origin embryo and 
number name content t (pg) 
endosperm* 
pathway(s) § 
371762 wild USA (Alaska) 10.79 (15.70) 2c 3c (3c) (5c) 1,2,4 
371770 wild USA (Alaska) 9.75 2c (3c) (5c) 1,2 
372740 wild USA (Alaska) 8.09 (11.75) 2c 3c (3c) (5c) 1,2,4 
372745 wild USA (Alaska) 9.73 2c (3c) (5c) 1,2 
423140 wild Spain 10.11 2c (3c) 
440603 wild Kazakhstan 9.27 2c (5c) 2 
505896 Jugeva 1 Russia 6.60 (9.92) 2c 3c (3c) (5c) 1,2,4 
505899 
Sibirskij 
Russia 7.19 2c (3c) (5c) 1,2 
Dikorast 
539052 wild Russia 6.74 2c (3c) (5c) 1,2 
574523 Bel turf USA 6.24 2c (3c) (5c) 1,2 
578828 Kenblue USA 6.36 (11.12) 2c (3c) (5c) 1,2 
578841 Victa USA 9.73 2c (3c) (5c) 1,2 
601107 Midnight USA 7.8 2c (3c) (5c) 1,2 
t DNA content of majority (minority) of plants sampled. 
*Observed peaks from flow cytometry histogram embryo (endosperm). 
§Reproductive pathways: (1) zygotic embryo formed from reduced embryo sac and fertilized with 
reduced pollen, endosperm fertilized with reduced pollen; (2) parthenogenic embryo formed from 
unreduced embryo sac, endosperm fertilized with reduced pollen; (3) parthenogenic embryo formed 
from reduced embryo sac, endosperm fertilized with reduced pollen; ( 4) zygotic embryo formed from 
unreduced embryo sac and fertilized with reduced pollen, endosperm fertilized with reduced pollen. 
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Figure 1. Diagram showing C values corresponding to reproductive pathways of Kentucky 
bluegrass depending upon if the female gametes were reduced or unreduced, and if the 
embryos were fertilized or developed autonomously. Modified from Matzk et al. 2000. 
reduced embryo sacs 
autonomous 
DNA values 
of embryos 
unreduced embryo sacs 
autonomous 
a, antipodals; c, central cell with two polar nuclei; e, egg apparatus \vith egg cell and two synergids. 
\fodified from \1atzk et al_ 2000 
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Figure 2. Histogram of mature seed analysis of accession 249226 showing a mix of 1 C 
embryo 3C endosperm apomictic pathway and 2C embryo 3C endosperm sexual pathway. 
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Figure 3. Histogram of nuclei acquisition vs. forward scatter of accession 349226 showing a 
clear lC peak. Using a graph like this can be helpful in distinguishing a lC peak from 
sample debris. 
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Figure 4. Histogram of mature seed analysis of accession 298096 showing a sexual 
population of seeds with a 2C embryo and 3C endosperm. 
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Figure 5. Histogram of mature seed analysis of accession 349179 showing seeds containing 
2C embryo 3C endosperm sexual pathway ,2C embryo and 5C endosperm apomictic 
pathway, and seeds containing 3C embryo and 5C endosperm sexual pathway. 
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Figure 6. Histogram of mature seed analysis of accession 505899 showing 2C embryo and 
5C endosperm apomictic pathway and 2C embryo 3C endosperm sexual pathway. 
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Figure 7. Distribution of representative DNA contents of the 38 accessions of the mini core 
collection of Kentucky bluegrass showing a normal distribution of accessions across DNA 
content levels. 
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Figure Sa. Histogram showing a bulk sample containing 10 plants of accession 234484. 
Peak 1 is nuclei from 9 plants of one DNA content. Peak 2 is nuclei from one plant of an 
aberrant DNA content. Peak 3 contains nuclei from the same tissue as peak 1, but 
undergoing endopolyploidization. 
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Figure 8b. Histogram showing a bulk sample containing 10 plants of accession 230120. Peak 
1 is nuclei from 9 plants of one DNA content. Peak 2 is nuclei from one plant of an aberrant 
DNA content. Peak 3 contains nuclei from the same tissue as peak 1, but undergoing 
endopolyploidization. 
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Figure 9a. Histogram showing a bulk sample containing 20 plants of accession 234484. Peak 
1 is nuclei from 19 plants of one DNA content. Peak 2 is nuclei from one plant of an 
aberrant DNA content. Peak 3 contains nuclei from the same tissue as peak 1, but 
undergoing endopolyploidization. 
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Figure 9b. Histogram showing a bulk sample containing 20 plants of accession 230120. Peak 
1 is nuclei from 19 plants of one DNA content. Peak 2 is nuclei from one plant of an 
aberrant DNA content. Peak 3 contains nuclei from the same tissue as peak 1, but 
undergoing endopolyploidization 
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GENERAL CONCLUSIONS 
Flow cytometry has proven to be a useful tool to obtain a large amount of information 
about reproductive behavior and genetic conte.nt of Kentucky bluegrass accessions. 
Reproductive pathways were positively identified and were_ as expected with the majority of 
accessions exhibiting reduced sexual and unreduced parthenogenic embryo development. 
Also of importance is that the time required to process samples was relatively short. Thanks 
to a knowledgeable technician operating the flow cytometer, many samples could be 
processed by multiple people. The amount of skill required to obtain quality raw data 
compared to the auxin test and clearing technique is significantly less. This also makes flow 
cytometric analysis useful on a large scale, as multiple people can work with less concern for 
maintaining consistent data. Somatic DNA content provided genome size and an indication 
of the genetic diversity contained within the core collection as well as ploidy level. This mini 
core collection appears to encompass a large range of genetic diversity and reproductive 
behavior that would be desirable within a breeding program. This research demonstrates the 
large amount of useful information that can be gained through flow cytometric analysis for 
characterization of Kentucky bluegrass accessions within a USDA mini core collection or any 
population a researcher might be working with. 
Future Research 
To make some of the techniques previously discussed more than general estimates, 
more research on several subjects is proposed. First, more work on correlation of somatic 
DNA content within Kentucky bluegrass accessions or populations would help increase the 
certainty with which ploidy level could be estimated. Performing chromosome counting on 
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several individual plants and correlating to known somatic DNA content would make 
estimation of chromosome number and ploidy level more accurate and valuable. Secondly, 
quantification of reproductive pathways within accessions would also be valuable 
information. By analyzing several 50 seed samples of individual accessions, growing a 
reasonable number of progeny from these accessions, and analyzing their somatic DNA 
content, it could be determined if flow cytometry could accurately estimate frequency of 
reproductive pathways based upon the number of nuclei obtained within each endosperm 
histogram peak. Therefore, the need for progeny testing or other cytological analysis to 
determine the frequency of each pathway would not be needed. Finally, more work is needed 
to refine the analysis procedure of the mature seeds. The histograms from the flow cytometer 
show large amounts of debris within the chopped seed samples. This debris appears to be 
starch and other compounds found within the seed. It was determined that a faster centrifuge 
step for a shorter period of time eliminated some of this debris, but a plot of forward scatter 
by nuclei acquisition was still needed to identify some 1 C peaks within the histograms. A 
better protocol would eliminate the need for repeated sampling to identify all pathways 
present. 
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